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Small angle X-ray scatteringThe interaction of the extra-membranous domain of tetrameric inwardly rectifying Kir2.1 ion channels
(Kir2.1NC4) with the membrane associated guanylate kinase protein PSD-95 has been studied using
Transmission Electron Microscopy in negative stain. Three types of complexes were observed in electron
micrographs corresponding to a 1:1 complex, a large self-enclosed tetrad complex and extended chains of
linked channel domains. Using models derived from small angle X-ray scattering experiments in which high
resolution structures from X-ray crystallographic and Nuclear Magnetic Resonance studies are positioned, the
envelopes from single particle analysis can be resolved as a Kir2.1NC4:PSD-95 complex and a tetrad of this
unit (Kir2.1NC4:PSD-95)4. The tetrad complex shows the close association of the Kir2.1 cytoplasmic domains
and the inﬂuence of PSD-95 mediated self-assembly on the clustering of these channels.nnel; Kir2.1, inwardly rectifying
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Potassium ion channels form groups or clusters in the membrane
via their interaction with scaffold proteins [1]. The role of scaffold
proteins is to bring together membrane channels and receptors via
bridging interactions mediated by multiple domains within the
scaffold protein [2]. Through such interactions inwardly rectifying
(Kir) and voltage gated (Kv) Potassium channels have both been
shown individually to interact or cluster [3–8]. The precise details ofthe intermolecular interactions mediated by scaffold proteins are
beyond the resolution of the techniques deployed so far, however
tomographic techniques allied with immunolabelling have begun to
resolve the location of speciﬁc scaffold proteins within cellular
fractions [9,10].
PSD-95 is a multi-domain scaffold protein with an apparent
molecular weight of 95 kDa enriched in the post-synaptic density
(PSD) of neuronal cells [11]. PSD-95 is anchored to the membrane by
palmitoylation at two cysteine residues at the N-terminus of the
protein [12]. PSD-95 is the canonical member of a family of proteins
termed membrane associated guanylate kinases (MAGUKs) and
contains the core set of domains which deﬁnes this family, namely
three PSD-95/Drosophila discs large tumor suppressor DlgA/Zona
occludens ZO-1 (PDZ) domains, an Src Homology 3 (SH3) domain and
a guanylate kinase (GK) like domain [11]. The MAGUK family proteins
are homologues of the disks large protein and include PSD-93, SAP-97
and SAP-102. PSD-95 has been found to be important in synaptic
plasticity, PSD-95 expression levels have been implicated in the
distinction between excitatory and inhibitory synapses [13] and
reported to be altered in schizophrenic brains compared to controls
[14]. PSD-95 gene disruption has also been implicated to correlate
with autism spectrum disorders and Williams syndrome in studies
using mouse models [15].
PDZ domains consist of ~90 amino acids and class I PDZ domains
(those present in PSD-95) interact with C-terminal target sequences
of the form -xS/TxI/V [2,16] where x denotes any amino acid. The ~75
amino acid SH3 and ~175 amino acid GK domains of PSD-95 have
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cleft available for interactions [17,18]. The SH3 domain binds the
target sequence PxxP [19], PSD-95 itself contains 2 such motifs in the
linker region between PDZ2 and PDZ3. PSD-95 has been shown to
interact both with inwardly rectifying potassium channels (Kir) and
voltage gated potassium channels (Kv) which possess the appropriate
consensus sequence at their C-termini [5,20].
Kir channels [21] are either homo- or hetero-tetrameric oligomers.
The strong inwardly rectifying channel Kir2.1 is found in a variety of
tissues [22–24] and the formation of heteromeric channels with the
homologous Kir2.3 protein has been proposed. Recent studies of
Kir2.1/2 domains expressed as concatamers in HEK293 cells and
characterized by electrophysiological measurements have demonstrated
functional heteromers of these channels [25]. Gating of Kir channels has
been shown to involve thebindingof divalent cations andpolyamines to
the cytoplasmic channel domain [26,27]. Each monomer subunit of
Kir2.1 has a C-terminal sequence containing both SH3 and PDZ
consensus binding motifs interspersed with a double arginine motif
(−svPlePrplRReSeI). Kir2.1 is known to play a role in the establishment
of membrane resting potential [28] and mutations in Kir2.1 are
responsible for Andersen syndrome [29–34].
Atomic models of the tetrameric chicken Kir2.2, a prokaryotic
homologue (Kirbac1.1), and the extra-membranous domains of
(murine) Kir2.1 are available from protein crystallography
[26,35,36]. Structures of each of the PSD-95 interaction domains
have been solved using X-ray crystallography or solution Nuclear
Magnetic Resonance spectroscopy [17,37–40]. A number ofmodels for
the interaction of Kir channels with MAGUK proteins have been
proposed [38,41,42]. PSD-95 has been shown to interact with Kir
channels in whole neuronal cell extracts [43] in contrast to (P2)
synaptic fractions where the association of PSD-95 and Kir is not
observed [44]: this suggests thatMAGUK/Kir complexes are present in
neurones but not in the synapse.
In this paper we describe models for PSD-95 derived from small
angle X-ray scattering (SAXS) and conﬁrmed by Transmission
Electron Microscopy in negative stain (nsTEM); low-resolution
structures of the tetrameric cytoplasmic domain of Kir2.1
(Kir2.1NC4) determined from both SAXS and nsTEM; a Kir2.1NC4:
PSD-95 complex from nsTEM; and a (Kir2.1NC4:PSD-95)4 complex
from nsTEM. Using these data in combination, the high-resolution
domain structures for the components of the complexes are
positioned leading to a model for the clustering of Kir2.1 channels
by PSD-95.
2. Materials and methods
All chemicals were obtained from Sigma-Aldrich (Fancy Road,
Poole, Dorset BH12 4QH, UK) unless stated. Escherichia coli bacterial
strains were obtained from Novagen/Merck Chemicals (Boulevard
Industrial Park, Padge Road, Beeston, Nottingham, NG9 2JR, UK). All
columns were purchased from GE Healthcare (The Grove Centre,
White Lion Road, Amersham, Bucks, HP7 9LL, UK); chromatography
was undertaken using a GE Healthcare AKTA Fast Protein Liquid
Chromatography (FPLC) rig. Murine Kir2.1 cDNA was a kind gift of Ian
Ashmole of Warwick University.
2.1. Expression and puriﬁcation of PSD-95
An expression plasmid for PSD-95wasmade by cloning full-length
rat PSD-95 into a pGEX-6P plasmid between BamHI and XhoI
restriction endonuclease sites. The translated PSD-95 protein from
this plasmid differs from the published sequence (UniProt ID:
P31016) as follows T9→A, E23→K, E51-Q53 omitted, S216→N,
Q594→R. The ﬁrst two point mutations and the 3 residue excision are
in the (ﬂexible) N-terminal tether; the remaining two point
mutations are to surface residues in the PDZ2 and GK domainrespectively. The GST-PSD-95 fusion protein was expressed in E. coli
BL21(DE3)pLysS cells, in Luria Broth (400 ml cultures in 2 l ﬂasks at
37 °C with 225 rpm shaking). Expression was induced by the addition
of IPTG to a ﬁnal concentration of 1 mM when the culture Optical
Density (OD) at 600 nm was measured in the range of 0.6–1 cm−1.
Cells were harvested by centrifugation 2.5 h after induction and
stored frozen at −70 °C until required.
Cells were resuspended in phosphate buffered saline, 0.5 M NaCl,
10 mM dithiothreitol, pH 7.5, protease inhibitor cocktail (Complete
Protease Inhibitor Cocktail, 1 tablet per 50 ml solution: Roche
Diagnostics, Charles Avenue, Burgess Hill, West Sussex, RH15 9RY,
UK.), and DNAse1 100 mg/l. Cells were disrupted using a French Press,
insoluble material was removed by high-speed centrifugation
(14,500 rpm, Sorvall SS34 rotor, 15 min, 4 °C). The supernatant was
applied to a GSTPrep FF 16/10 column and eluted by the application of
buffer containing 10 mM reduced glutathione. The eluant was
desalted into a buffer of 20 mM Tris/HCl, 5 mM DTT, 1 mM EDTA,
pH 7.5 using a HiPrep 26/10 column. The glutathione-S transferase
(GST) tag was removed by incubation with PreScission protease (GE
Healthcare) at 10 units/mg for 2 h at 4 °C. The protein solution was
then ﬁltered, concentrated and applied to a 5 ml Resource Q column.
Puriﬁed PSD-95 was eluted by the application of a 0–1 M NaCl
gradient over 20 column volumes. The combined fractions containing
puriﬁed PSD-95 were concentrated and applied to a SEC column
(Superdex-200 GL 10/300). Fractions under the single resolved peak
corresponding to PSD-95 (elution volume ~13.5 ml) were combined.
EM grids were prepared from a sample of PSD-95 at a concentration of
0.4 mg/ml (5 μM) as described below. For the light-scattering analysis
puriﬁed PSD-95was fractionated on a Superdex-200 GL 10/300 column
and subsequently passed through a modiﬁedWyatt EOS 18-angle laser
photometerﬁttedwith aWyatt quasi-elastic light scatteringdetector for
the measurement of hydrodynamic radius. The resulting peak was
analyzed using ASTRA 4.90.08 software (Figs. A.1(a,b)).
2.2. Expression and puriﬁcation of Kir2.1NC4
Design of the Kir2.1NC expression construct — a homology model
of Kir2.14 was constructed from the tetrameric structures of the extra-
membranous domains of Kir3.1 [45] and full-length Kirbac1.1 [35].
Brieﬂy, the amino acid sequences corresponding to both structures
were aligned with that of murine Kir2.1 using CLUSTALW [46]; a
chimeric model was made by positioning the Kir3.1 extramembra-
nous domains through a least-squares alignment of residues of high
identity; 194–233 and 254–331 of Kir3.1 to 156–195 and 212–289 of
Kirbac1.1 respectively (using the program LSQKAB [47,48]); the
sequence of Kir2.1 was threaded onto this framework, residues
without a structural representative from either model were omitted
and sidechain clashes were manually resolved. The resulting model
was subjected to stereochemical minimization (REFMAC5 [49]) with
the imposition of C4 molecular symmetry. Examination of the resulting
model showed that residues 67 and 189 were in close proximity.
A pET15b plasmid representative of residues 1–67 and 189–427 of
Kir2.1 (UniProt ID: P35561) connected by two glycine residues was
constructed. Brieﬂy, theDNAsequence representative of theN-terminus
of Kir2.1 plus the linker abutted by NdeI and BstXI restriction
endonuclease sites was ampliﬁed by PCR and subsequent ligation into
anpGEM-TEasy vector (Promega,DeltaHouse, EnterpriseRd. Chilworth
Research Centre, SO16 7NS, UK); similarly the DNA sequence for the
C-terminus of Kir2.1 was prepared with BstXI and BamHI restriction
sites; a 3-way ligation was used to join the restricted and puriﬁed
components. The resulting plasmidwas analyzed by DNA sequencing to
conﬁrm the orientation and correct insertion of the gene. The
N-terminally tagged protein was expressed overnight in E. coli BL21
(DE3)pLysS at 37 °C using Studier autoinduction media [50] (400 ml
cultures in 2 l ﬂasks with 225 rpm shaking). Cells were harvested by
centrifugation and stored frozen at−70 °C until required.
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0.5 MNaCl, 20 mM imidazole, 1 mM reduced GSH, 50 mM L—glutamic
acid, 50 mM L—arginine [51], protease inhibitor cocktail (Roche
Complete) and DNAse1 100 mg/l and lysed by French press. Insoluble
material was removed by high-speed centrifugation and the super-
natant was applied to a 5 ml HisTrap nickel afﬁnity column. Kir2.1NC
was eluted by the application of 150 mM of imidazole and was
effectively pure. The eluant was desalted into a buffer of 20 mM Tris/
HCl pH 7.5, 150 mMNaCl, 1 mM reduced GSH, 1 mM EDTA, 50 mM L—
glutamic acid, 50 mM L—arginine, using a HiPrep 26/10 column. The
hexahistine afﬁnity tag was removed by incubation with thrombin
(10 units/mg) for a minimum of 2 h at 4 °C. The protein was
subsequently concentrated and applied to a SEC column (Superdex-
200 GL 10/300). Fractions under the peak corresponding to the
Kir2.1NC4 tetramer (retention volume 11.5 ml, Fig. A.1(c)) were
combined. Preparations showing signiﬁcant aggregate peaks below
this retention volume were discarded. EM grids were prepared from a
20 mg/ml sample of Kir2.1NC4 with a 10 fold dilution (ﬁnal concentra-
tion 14 μM) prior to gridding as described below (Section 2.5).
2.3. SAXS analysis of PSD-95 and Kir2.1NC4
SAXS data were collected at Daresbury Laboratory on the Synchro-
tron Radiation Source station 2.1. Samples were injected between mica
windows into a brass sample cell, the cell was maintained at 4 °C
throughout data collection. Multiple exposures of 60 s were collected
using the multiwire gas detector using a wavelength of 1.54 Å at two
camera lengths.
Data for the 4.25 m camera length were collected using a PSD-95
concentration of 1 mg/ml (13 μM assessed by solution UV absorption
at 280 nm), data for the 1.0 m camera length were collected at a
concentration of 8 mg/ml (100 μM), in both cases data on buffer
samples were collected for later subtraction. Successive exposures
were examined for signs of radiation damage (sample aggregation
etc.). Data were processed using the programs OTOKO [52] and GNOM
[53]. The radius of gyration (Rg) for PSD-95 was computed from the
Guinier plot as 43.6 Å. 16 ab-initio envelopes for PSD-95 were
computed using the program GASBOR [54] and these showed a
comma shaped envelope for PSD-95 and agreement (Χ=√Χ2, where
nΧ2=[[δI−σI]/I]2 and I is the scattering intensity, δI is the difference
between observed and calculated I, σI is the estimated experimental
error in I and n is the number of observations) with the experimental
scattering curve (intensity I versus momentum transfer q: I
[0.007bq=2πsb0.766] where s−1 is the nominal Bragg resolution
expressed in Å) in the range of 1.6−1.7. The GASBOR models were
aligned and averaged (DAMAVER [55]/SUPCOMB [56]) and
the composite model was reﬁned using DAMMIN [57] to give a ﬁnal
ab-initio model for PSD-95 (Χ=1.6) (Fig. 1(a,b)). Subsequently,
individual domains of PSD-95 obtained from the PDB IDs: 1IU0, 1QLC,
1TP5 and 1KJW were reﬁned against the data using the program
SASREF [58]. 10 models (qb0.5 Å−1; X=5.0–4.9) from this process
were analyzed in order to obtain a set of loose inter-domain restraints.
Brieﬂy: the distances between Cα coordinates of pairs of domains in
each model were computed using the program PDBCUR [47]; a mean
relative displacement enclosing on average ~50% of residues of theFig. 1. SAXS derivedmodels of PSD-95 and Kir2.1NC4: (a) Agreement of SAXSmodels of PSD-95
where I is the reduced scattering intensity andσI is the error estimate. TheDAMMINmodel agre
a solid line. (b) Ab initio DAMMIN model of PSD-95, shown as gray spheres (3.25 Å radius), w
according to sequence) the crystal structure of the fused SH3GK domain [17] shows that the C-t
structure is partially blocked by the PDZ3 domain in the view shown. Generated using CHIMER
modelsgeneratedby theprogramEOM(Rg frequency is expressed as a fractionof the totalnumb
boxed points and a dotted line. The histogram of the best representative domain structures
experimental scattering data. Representation as for (a). (e) Ab initio DAMMIN model of Kir2.1
models of Kir2.1NC4 (shown as black Cα trace models). Generated in PyMOL (DeLano Scientiﬁsmaller domain of the pair in all models was computed. This distance
was used as a restraint on the maximum displacement between any
Cα coordinate of the two domains. The SH3 and GK domains of PSD-
95 were treated separately for the purpose of restraint calculation,
although the fused domain was submitted for reﬁnement. As the
individual PDZ domains of PSD-95 would be indistinguishable at low
resolution the ﬁnal restraint set was expressed in a manner to account
for this. A series of 20 reﬁnements were carried out using these
restraints and the program BUNCH [58]. The ﬁnal X (qb0.5 Å−1)
values for these reﬁnements were in the range of 3.8–3.3 (Fig. 1(a,b)).
Both SASREF and BUNCH gave models consistent with the initial
ab-initio envelopes. The program EOM [59] was employed to assess
the level of compactness of the PSD-95 domain based model; random
coil models for the non-domain sequences of PSD-95 gave marginally
better results (Χ=3.5, qb0.5 Å−1) compared to native-like chain
models (Χ=3.6). The best ensemble, selected from a pool of 10,000
models covering all accessible space, had a median Rg of 36.6 Å
compared to the pool median of 49.5 Å (Fig. 1(c)).
For the 4.25 m camera length the concentration of Kir2.1NC4 was
0.5 mg/ml (3.6 μM) for the 1 m camera a concentration of 4.8 mg/ml
(34 μM)was used. The Rg for Kir2.1NC4 was computed as 45.3 Å. Initial
ab-initio envelopes for Kir2.1NC4 were computed using the program
GASBOR [54] with the condition of C4 symmetry; the agreement with
the experimental scattering curve I[0.015bqb0.8055 Å−1] in the range
of 1.8–2.0. These envelopes showed a squat structure comprising a core
domain with extended regions. The GASBOR models were aligned and
averaged (DAMAVER/SUPCOMB) and the composite model was reﬁned
using DAMMIN with the condition of C4 symmetry and an oblate
starting model to give a ﬁnal ab initio model for Kir2.1NC4 (Χ=1.7)
(Fig. 1(d,e)). Subsequently a series of 10 reﬁnements were carried out
using the individual domain of Kir2.1NC4 obtained from the PDB ID:
1U4F and C4 symmetry using the program BUNCH. Maximum
separation restraints of 5 and 7 Å were applied at the base of the
molecule between the adjacent and opposite Cα coordinates forming
the cytoplasmic pore with an additional restraint of 9 Å at the
cytoplasmic face between adjacent domains. The X (qb0.5 Å−1) values
for these reﬁnements were in the range of 3.6–2.6. BUNCH reﬁnements
gave models consistent with the initial ab-initio envelopes (Fig. 1(d,e)).
2.4. Preparation of complexes of Kir2.1NC4 and PSD-95
For the 1:1 complex Kir2.1NC4 was prepared as described (Section
2.2). The GST-PSD-95 fusion construct was expressed and afﬁnity
puriﬁed as described (Section 2.1). 200 μL of Kir2.1NC4 at 1.4 mg/ml
(10 μM) was added to 2 ml of GST-PSD-95 at 0.11 mg/ml (1 μM) to
give equimolar concentrations of GST-PSD-95 and Kir2.1NC4. PreScis-
sion protease was added to the resulting solution and this was
incubated for 2 h at 4 °C. The solution was concentrated and
subsequently fractionated on a Superose-6 GL 10/300 column. EM
grids were prepared from fractions under a peak eluting at 11.5 ml.
Individual micrographs imaged from grids of this sample showed 1:1
complexes of Kir2.1NC4:PSD-95 (nN103) and a minority of Kir2.1NC4
particles (n≈102, resolved analytically during EM reﬁnement).
For higher order Kir2.1NC4/PSD-95 complexes, puriﬁed Kir2.1NC4
was prepared as described (Section 2.2). The GST-PSD-95 fusionwith the experimental scattering data. Rawdata are represented as triangles ln(I)+/−σI/I
ement is shownas a dotted line in red. The agreement of the best BUNCHmodel is shownas
ith the superimposition of 10 BUNCH domain models of PSD-95 (each colored blue–red
erminus of PSD-95 emerges from the GK domain to associatewith SH3, this element of the
A [61]. (c) A histogram showing the distributions of radii of gyration from domain-based
erofmodels). Thehistogram fromthe randomlygeneratedpool of structures is shownwith
is shown as diamond/solid line. (d) Agreement of SAXS models of Kir2.1NC4 with the
NC4 shown as gray spheres (3.25 Å radius), and superimposition of 10 BUNCH (domain)
c).
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from a 1.6 l culture volume of E. coli expressing GST-PSD-95 was
applied to a GST afﬁnity column (Amersham GSTPrep FF 16/10)
followed by a wash step. Based upon the average yield of GST-PSD-95at the afﬁnity stage 5 mg (62 nmol) of GST-PSD-95 was estimated to
be bound to the column. A total of 28 mg (0.2 μmol) of puriﬁed
Kir2.1NC4 was passed slowly over the column giving an exposure of
GST-PSD-95 to Kir2.1NC4 exceeding a 3-fold molar excess. After
2378 S. Fomina et al. / Biochimica et Biophysica Acta 1808 (2011) 2374–2389washing 100 units of PreScission protease was added to the column
and the column was sealed and incubated for 1 h at room
temperature. The material liberated by the protease digestion was
washed from the column, concentrated and fractionated on a
Superdex-200 GL 10/300 column (Fig. A.1(e)). EM grids were
prepared from 200 μl fractions close to the void volume of the column
(8 ml) and well before the elution volume of Kir2.1NC4 tetramers
(11.5 ml). Individual micrographs imaged from grids of this sample
showed a majority (n~103) of large tetrad complexes a small number
(n~101) of long chain aggregate particles and a minority (n~102) of
particles of the size of Kir2.1NC4:PSD-95 1:1 complexes (therefore
presumed to have dissociated from larger complexes during EM
gridding).
2.5. Preparation of grids for electron microscopy
Sampleswereadsorbedonto freshlyglowdischargedcarbonﬁlmgrids
(400 mesh Copper, Agar Scientiﬁc, Unit 7 M11 Business Link, Parsonage
Lane, Stansted, Essex, CM24 8GF, UK) as follows: 1 μl of sample solution
was pipetted into the grid followed by blotting; 1 μl of de-ionized water
was then applied for 10 s followed by blotting; 1 μl of 2% w/v uranyl
acetate solution was applied followed by a ﬁnal blotting step.
2.6. Data processing of PSD-95 micrographs
Two micrographs imaged in a Philips Tecnai 10 electron
microscope with defocus values of 2.25 (Fig. A.2(a)) and 0.9 μm
and recorded on ﬁlm were digitized with a ﬁnal pixel resolution of
3.67 Å/pixel. The micrograph appeared homogeneous by eye,
although the particle density was high. An envelope for particle
picking was obtained from the DAMMIN model of PSD-95 using the
EMAN [60] routine pdb2mrc and a resolution of 25 Å. This envelope
was used with the model based particle picking routine in the EMAN
routine BOXER to pick 7854 particles in 48×48 pixel boxes (Fig. A.2(a,b)).
The initial model-based envelope was subsequently reﬁned against the
particle set ﬁltered at the 1st zero of the contrast transfer function (CTF).
This reﬁnement was followed by further reﬁnement on CTF corrected
particles using the SAXS proﬁle of PSD-95 and implemented in the CTFIT
routine in EMAN (Fig. A.2(c–g)).
2.7. Data processing of Kir2.1NC4 micrographs
A single micrograph imaged in a Philips Tecnai 10 electron
microscope with a defocus value of 0.75 μm and recorded on ﬁlm was
digitized with a ﬁnal pixel resolution of 3.67 Å/pixel. The micrograph
appeared homogeneous by eye and the automated particle picking
routine implemented in theEMANroutineBOXERwasused topick6469
particles in 48×48 pixel boxes. An initial reference free C4 symmetric
envelope was constructed using the startcsym routine in EMAN. This
envelope was reﬁned against the particle set ﬁltered at the 1st zero of
the CTF. A set of 22 micrographs were subsequently collected on the
same grid using a Jeol 1220 microscope equipped with a Gatan Orius
CCD camera. These micrographs were recorded within the defocus
range 1.25 (Fig. A.3(a))–0.6 μm and the ﬁnal imaging resolution was
2.93 Å/pixel. The envelopeobtained from theearlier data setwasused in
a model-based particle picking routine in BOXER to obtain 49,012
particles in 64×64 pixel boxes (Fig. A.3(a,b)). These were split into two
groups of 26,697 and 22,315 and reﬁned independently from the
starting reference free model obtained from the ﬁlm data set. Initial
reﬁnementwithparticlesﬁltered to the resolution of theﬁrst zero of the
CTF of the furthest from focus micrograph was undertaken. This was
followed by further reﬁnement on CTF corrected particles using the
SAXS proﬁle of Kir2.1NC4 and implemented in the CTFIT program in
EMAN. All 49,012 particles were used in the ﬁnal rounds of reﬁnement
(Fig. A.3(c–g)).2.8. Data processing of Kir2.1NC4:PSD-95 micrographs
15 micrographs imaged in a Philips Tecnai 10 electron microscope
within a defocus range of 1.75 (Fig. A.4(a))–0.6 μm and recorded on
ﬁlm were digitized with a ﬁnal pixel resolution of 3.67 Å/pixel. The
micrographs appeared homogeneous by eye and an automated
particle picking routine implemented in the program BOXER was
used to pick 26,947 particles in 64×64 pixel boxes (later reduced to
48×48 during processing, Fig. A.4(a,b)). An initial reference free C4
symmetric envelope was constructed using the startcysm routine in
EMAN. This envelope was reﬁned against the particle set ﬁltered to
the resolution of the ﬁrst zero of the CTF of the furthest from focus
micrograph. The envelope differed from the Kir2.1NC4 alone envelope
having continuous lobes of density above the main body of the
particle. As the fractionation procedure employed to isolate the
complex would not be able to resolve the Kir2.1NC4:PSD-95 complex
and Kir2.1NC4 alone, the multireﬁne routine in EMAN was employed
to assign two particle sets from the data (Fig. A.4(c)). The starting
envelopes were the initial envelope from the Kir2.1NC4:PSD-95
micrographs here and the starting envelope from the ﬁlm data for
Kir2.1NC4, particles ﬁltered at the 1st zero of the CTF were used.
16,440 particles were assigned to the Kir2.1NC4:PSD-95 envelope and
this data set was further reﬁned relaxing the C4 symmetry to C1
symmetry. In order to obtain a scattering curve for CTF correction the
best BUNCH models of Kir2.1NC4 and PSD-95 were docked into this
resulting envelope using CHIMERA [61]. A scattering curve for the
complexwas calculated using the programCRYSOL [62] and this curve
was used to correct the raw particles for the CTF. The multireﬁne step
was repeated without CTF correction. The ﬁnal reﬁnement used this
particle set, C1 symmetry and a full CTF correction, and proceeded
from a reference-free starting envelope (Fig. A.4(d–h)).2.9. Data processing of micrographs containing tetrads and long chain
aggregates
Thesemicrographs contained large (tetrad) particleswith apparent C4
symmetry along with smaller particles of the approximate dimensions of
Kir2.1NC4 tetramers and aminority of long chains of particles (Fig. A.5(a),
6(d)). A series of 17 sets of 3micrographs each recorded from17 separate
ﬁelds at tilts of −45°, 0° and +45° were imaged in a Philips Tecnai 10
electron microscope. Film micrographs were digitized with a ﬁnal pixel
resolution of 3.67 Å/pixel. The defocus range of the 0° micrographs in the
set was 1.6 (Fig. A.5(a))–0.6 μm. Tetrad particles only were picked from a
matched pair of −45° and +45° micrographs and a tomographic
reconstruction was made from these particles using EMAN (Steven
Ludtke, personal communication). The tomographic reconstruction was
representative of the gross dimensions of the tetrad particles (Fig. A.5(b))
and was used in model-based particle picking from all of the 0° tilt
micrographs mentioned above, plus 14 additional micrographs recorded
at 0° tilt under similar conditions (Fig. A.5(a,c)). The resulting set of
particles was examined and badly miscentered particles were deleted
manually. Initial rounds of reﬁnement were performed on automatically
centered particles (implemented in the cenalignint routine in EMAN) in
which4195particleswere omitted. The centeredparticleswereﬁltered to
the resolution of the ﬁrst zero of the furthest from focus micrograph and
reﬁned using the tomographic reconstruction as the starting envelope,
with C4 symmetry now imposed (Fig. A.5(d)). In order to obtain a
scattering curve for CTF correction the Kir2.1NC4:PSD-95model obtained
earlierwas docked into¼of the resulting envelopeusingCHIMERAwith a
model for the complete tetrad (Kir2.1NC4:PSD-95)4 being generated by
the application of C4 symmetry using the program PDBSET [47]. A
scattering curve for the tetrad complex was calculated using the program
CRYSOL and this curve was used to correct the raw particles for the CTF.
The ﬁnal reﬁnement used all 14,477 uncentered CTF corrected particles
and C4 symmetry (Fig. A.5(e–i)).
Fig. 2.Multi-particle averaging of nsTEM envelopes: (a) Top: construction/selection of envelopes representing the 1:1 complex after individual reﬁnements; envelopes for PSD-95
shown in magenta; Kir2.1NC4 (cyan); 1:1 complex (yellow) and ¼ of the tetrad (blue). Middle: the averaged 1:1 complex. Bottom: envelopes consistent with the averaged 1:1
complex for the next round of reﬁnement, colors as for the top representation. (b) FSC curves are shown for the comparison of envelopes at each stage of reﬁnement averaging: The
dotted gray line shows the comparison of the independent 1:1 complex envelope with the ﬁrst averaged envelope, the 5 curves colored red–blue compare successive steps of
averaged 1:1 complex envelopes. Convergence is reached after the 5th cycle.
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The best PSD-95 and Kir2.1NC4 models obtained from rigid body
analysis with BUNCH were used to calculate model envelopes using
the pdb2mrc routine in EMAN. The resolution used in these model
envelope calculations matched that of corresponding nsTEM map to
be ﬁtted (either the ﬁlter resolution or in the later stages of
reﬁnement the resolution determined by a Fourier shell correlation
(FSC=1/2) calculation [63]). The calculated envelopes were docked
into the nsTEM maps in an automated fashion using CHIMERA. The
resulting re-positioned calculated model envelope was then used to
relocate the rigid body SAXSmodel, again by auto-ﬁtting in CHIMERA.
This procedure was performed directly to dock the PSD-95 and
Kir2.1NC4 SAXS models into the corresponding nsTEM envelopes. Inthe case of the (Kir2.1NC4:PSD-95)4 envelope the Kir2.1NC4:PSD-95
model envelope was initially docked into ¼ of the map by eye, and C4
symmetry was used to generate the other three subunits. In a second
round of ﬁtting a model envelope was generated from the three
subunits and subtracted from the map; the Kir2.1NC4:PSD-95 model
envelope was then automatically docked into the remaining density.
The ﬁnal model was again generated by the application of C4
symmetry. Care was taken at every stage to maintain consistent
chirality for all of the maps and models.
The resolution of the nsTEM envelopes was estimated as follows:
each set of particles was split into two groups and the last 2
reﬁnement cycles were repeated for each envelope independently
using the two sets of (unmasked) particles. The FSC was computed by
comparing the envelopes from these two reﬁnements using the
Fig. 3. nsTEM derived envelope of PSD-95 and docked SAXS models: (a–c) Three orthogonal views of the ﬁnal 22.9 Å resolution nsTEM envelope for PSD-95 reﬁned with particles
corrected for the CTF function, two BUNCH models are ﬁtted (colored blue–red according to sequence), both models are included in the coordinate deposition PDB ID: 2XKX, one
model (chain B in the deposition) is shown in the remaining ﬁgures in this paper. The scalebar represents 25 Å. The outer contour encloses 78 kDa, the inner contour approximately
that volume occupied by the ordered domains. Generated using CHIMERA. (d) Equivalent views of the ﬁtted PSD-95 envelope with a simpliﬁed representation of the models ﬁtted,
colored balls (PDZ radius 13.8 Å; SH3GK, 21.6 Å) representing the domains (PDZ1, blue; PDZ2, cyan; PDZ3, green; SH3GK orange) (e) Fourier shell correlation and structure factor
comparison: FSC for the PSD-95 nsTEM envelope (red solid line) with ﬁtted curve (red dotted line); red axis; structure factors for the nsTEM envelope (blue line), a normalized SAXS
curve calculated from the DAMMIN model (yellow line), normalized SAXS curve after the application of a Debye–Waller B-factor of 1360 (green line); black axis.
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Fig. 4. nsTEMderived envelope of Kir2.1NC4 anddocked SAXSmodel: (a–d). Views of theﬁnal 17.2 Å resolutionnsTEMenvelope for theKir2.1NC4, the best BUNCHmodel is superimposed. The
scale bar represents 25 Å. The outer contour encloses 140 kDa, the inner contour approximately that volume occupied by the ordered domains. Generated using CHIMERA. Top side and bottom
views (a, b, c) and the side view rotated by 45° (d) are shown. (e) FSC and structure factor comparison: representation as for Fig. 3(e) with a Debye–Waller B-factor of 1581 applied.
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the determination of resolution an equivalent ﬁlter function of the
form FSC=(1+exp[as+b])−1 was applied to the FSC plot; where a
and b are determined from the gradient and y-axis intercept of a
straight line ﬁt of ln((1−FSC)/FSC) versus s for pointswhere FSCN1/2.
The resolution of the nsTEM envelope was determined from these
parameters: for FSC=1/2; s−1=a/−b (the ﬁt is shown as a dotted line
in the FSC plots in Figs. 3(e), 4(e), 5(e), 6(f) and A.2(d), A.3(d) A.4(e)
and A.5(f)).
2.11. Averaging of nsTEM maps
An averaging procedure was undertaken to ensure the consistency
of the nsTEMmaps: The process is represented schematically in Fig. 2.
Starting from the individually reﬁned envelopes for PSD-95, Fig. A.2
(e–g); Kir2.1NC4, Fig. A.3(e–g); PSD95:Kir2.1NC4 Fig. A.4(f–h) and
(PSD-95:Kir2.1NC4)4 Fig. A.5(g–i); three envelopes were averaged
together: The unmodiﬁed PSD95:Kir2.1NC4 envelope; an envelope
representative of the 1:1 complex constructed from the individual
PSD-95 and Kir2.1NC4 envelopes; and an envelope representative of
the 1:1 complex consisting of ¼ of the (PSD-95:Kir2.1NC4)4 envelope
(Fig. 2(a)). The relative translations for overlaying the individual
maps were obtained from the ﬁt of the identical BUNCH SAXS models
to each map, centered maps were then aligned using the align3d
routine in EMAN. Envelopes for each of the four particle sets were
then derived from this averaged 1:1 complex: In the case of PSD-95
and Kir2.1NC4 by masking out one component; for the (PSD-95:
Kir2.1NC4)4 via the application of C4 symmetry, while for the PSD95:
Kir2.1NC4 envelope the averaged envelope was submitted for
reﬁnement. Four cycles of reﬁnement from these envelopes using
the individual particle sets were then carried out before the next cycle
of averaging. The convergence of this process was measured by
comparing the FSC of each successive averaged 1:1 complex between
averaging cycles (shown in Fig. 2(b)). Convergence was achieved after
5 cycles of averaging/reﬁnement. Fig. 2(a) shows envelopes from the
last round of averaging.
A comparison of the structure factors from the ﬁnal averagedmaps
and the structure factors obtained from the DAMMIN SAXS models is
also shown in Figs. 3–6. In each case a Debye–Waller B-factor was
calculated by comparing the SAXS and EM derived structure factors.
The relative B-factor in each case is in the range of 1200–1600 and
arises primarily from the effect of the negative stain. The application
of the B-factor scaled SAXS amplitude to the reﬁned envelopes was
found to be essentially equivalent to ﬁltering at the resolution
determined by FSC=1/2 for each envelope.
2.12. Accession numbers
Maps have been deposited in the European Bioinformatics
Institute ElectronMicroscopy Data Bank (EBI-EMDB), and coordinates
deposited at the Protein Data Bank (PDB), accession codes EBI-EMDB
ID: EMD-1761, PDB ID: 2XKX, PSD-95; ID: EBI-EMDB EMD-1764,
PDB ID: 2XKY, Kir2.1NC4; EBI-EMDB ID: EMD-1765, Kir2.1NC4:PSD-
95, and EBI-EMDB ID: EMD-1766, (Kir2.1NC4:PSD-95)4. The coordi-
nate transformations for positioning copies of 2XKX and 2XKY in
EMD-1765 and EMD-1766 are included in each entry.
3. Results
The PSD-95 proteinwas successfully expressed in E. coli and puriﬁed
to a single band on a Coomassie stained sodium-dodecylsulphateFig. 5. The ﬁnal nsTEM envelope of the Kir2.1NC4:PSD-95 1:1 complex: (a–d) Orthogonal v
encloses 218 kDa, the inner contour approximately that volume occupied by the ordered d
(Kir2.1NC4 cyan; PSD-95 magenta). The scalebar represents 25 Å. Generated using CHIMER
transformed DAMMIN models for PSD-95 and Kir2.1NC4 and with a Debye–Waller B-factorpolyacrylamide gel-electrophoresis (SDS-PAGE) gel (Fig. A.1(d)). The
puriﬁed protein was found to be monomeric and homogeneous by size
exclusion chromatography (SEC) and light scattering (Fig. A.1(a,b)). The
identity of the protein was conﬁrmed by tryptic digest and liquid
chromatography mass spectrometry (LCMS) from an excised gel band.
Fig. 1(b) shows the ﬁnal ab-initio DAMMIN envelope and 10 SAXS rigid
body domain models along with the agreement of the best of these
along with the SAXS intensity proﬁle (Fig. 1(a)). 76% of the sequence of
the PSD-95 molecule is represented by high-resolution domain
structures. The initial nsTEM envelope of PSD-95 (Fig. A.2(e–g)) is not
truly independent of the SAXSmodel since the ab-initio SAXSmodel for
PSD-95 was used in model-based particle picking. However the ﬁnal
reﬁned nsTEM envelope draws on contributions from all but the
Kir2.1NC4 particle set and remains consistent with the SAXS data. The
overall form of the ﬁnal nsTEM envelope suggests that there is some
variation in the conformation of PSD-95 (Fig. 3(a–c)). The models
obtained with rigid-body modeling using BUNCH also show some
degree of variation especially for the N-terminal and linker regions
(between PDZ2 and PDZ3, and between PDZ3 and SH3). The array of
PSD-95 rigid bodymodels reveal two populations, one in which PDZ2 is
closest to PDZ3 and another in which PDZ1 is closer to PDZ3. Two
models representative of each of these pools are shown docked into the
nsTEM envelope. A more compact conformation of PSD-95 is also
supported by the ensemble analysis conducted (Fig. 1(c)) and this is in
contrast with the truncated PDZ1-3 construct of SAP-97 which was
observed to have a large degree ofﬂexibility [64]. The shape anddomain
arrangements for PSD-95 as determined by nsTEM and SAXS are
consistent with earlier studies [65]. The proximity of the SH3 domain to
PDZ3 is consistent with an intra-molecular association of PtsP or PreP
sequences close to the core fold of PDZ3 with SH3 [66].
The Kir2.1NC proteinwas successfully expressed in E. coli and puriﬁed
to a single band on a Coomassie stained SDS-PAGE gel (Fig. A.1(d)). The
identity of the protein was conﬁrmed by tryptic digest and LCMS. The
protein was found to migrate in a resolvable peak consistent with a
Kir2.1NC4 complex by SEC (Fig. A.1(c)). Fig. 1(e) shows the ﬁnal ab-initio
SAXSmodel with 10 SAXS domain models superimposed, along with the
agreement of the best of these (Fig. 1(d)) with the SAXS intensity proﬁle.
For SAXS model analysis C4 molecular symmetry was imposed for all
residues in all models along with restraints to maintain the relative
orientations of the four folded Kir2.1NC domains. The crystallographic
structure of Kir2.1NC4 has C2 molecular symmetry but the core domains
arewithin 0.6 Å of C4 symmetry (the rootmean square deviation onmain
chain coordinates on superposition of a 90° rotated copy). Exploratory
rigid body reﬁnements imposing C4 molecular symmetry but where the
inter-domain restraintswere relaxedproducedworseagreementwith the
SAXS intensity proﬁle and were characterized by rotations of the folded
unique Kir2.1NC domain giving unreasonable inter-domain contacts. In
the ﬁnal Kir2.1NC4 SAXSmodel set 68% of the sequence is represented by
high-resolution domain structures and the models are consistent with a
core tetramer and disordered far N and C-termini. It should be noted that
the far N and C-termini are unlikely to be constrained to C4 molecular
symmetry in reality. Single particle nsTEM studies gave an envelope for
Kir2.1NC4 (Fig. A.3(e–g)). The initial Kir2.1NC4 envelopewas reﬁned from
a reference free envelope for which particles were picked automatically
using a small subset of examples present on eachmicrograph. Fig. 4(a–d)
shows the ﬁnal envelope obtained with the FSC (Fig. 4(e)). The envelope
obtainedshowsahighdegreeofﬁdelitywith theKir2.1NC4SAXSmodel as
exempliﬁed by the docking of this model into the envelope shown in the
ﬁgure.
The SEC fraction of the combined Kir2.1NC4/PSD-95 samples at an
11.5 ml retention volume contains two populations of particles, thoseiews of the 20.5 Å resolution nsTEM envelope for Kir2.1NC4:PSD-95, the outer contour
omains; the BUNCH models shown in Figs. 3 and 4 for Kir2.1NC4 and PSD-95 are ﬁtted
A. (e) FSC and structure factor comparison: representation as for Fig. 3(e) comparing
of 1211 applied.
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other possible solution components, unbound PSD-95 (78 kDa),
glutathione-S transferase (52 kDa dimer/26 kDa monomer) and
monomeric Kir2.1NC (35 kDa) are each resolved by the column at
higher retention volumes, any higher order complexes are found
closer to the void volume (8 ml). Two envelopes were obtained from
the nsTEM analysis of the SEC fractionated Kir2.1NC4/PSD-95
complexes (Fig. A.4(c)): A Kir2.1NC4 envelope, consistent with the
Kir2.1NC4 envelope determined above (Fig. A.3(e–g)); and an
envelope representative of a Kir2.1NC4:PSD-95 complex. The latter
envelope was reﬁned with C1 molecular symmetry. Reﬁnements
starting from a C1 envelope or a reference free envelope developed
with C1 symmetry directly give consistent results, (Fig. A.4(f–h)
shows the particle reﬁned from the reference free envelope). Single
particle analysis without the beneﬁt of molecular symmetry is
notoriously difﬁcult and the form of the resulting envelope was
poorer than that which would be expected of a particle with higher
symmetry and the concomitant internal standard. Nevertheless it was
straightforward to position the SAXS models for Kir2.1NC4 and PSD-
95 within the initial envelope, and the process of multi-particle
averaging produced a readily interpretable envelope for the 1:1
complex. Fig. 5(a–d) shows the Kir2.1NC4:PSD-95 envelope alongwith
the docked model of the complex. The docked model was consistent
with a 1:1 multi-domain association of PSD-95 with Kir2.1NC4. This
envelope suggests a greater degree of interaction between the folded
domainsof PSD-95and thoseofKir2.1NC4 thanmightbeexpected as the
interaction motifs on Kir2.1NC4 are at the C-terminus of the extended
chains.
Fig. 6(d) shows a segment of a micrograph recorded from a grid
containing higher order complexes. Tetrad particles can be seen
(shown boxed) along with a long, extended aggregate. Both the self-
enclosed tetrad complexes and longer aggregates are assumed to be
formed from a unit consisting of the Kir2.1NC4:PSD-95 complex as
they are only formed after the co-elution of Kir2.1NC4:PSD-95
complexes from a GSH afﬁnity column during preparation. Relatively
few extended aggregates were observed on each micrograph and so
the single particle analysis concentrated on the abundant tetrad
complexes. Fig. A.5 shows the evolution of the tetrad envelope from a
low resolution tomographic reconstruction. The ﬁnal envelope is
shown in Fig. 6(a,b,c,e). A copy of the Kir2.1NC4:PSD-95 model can be
docked into the tetrad envelope with the remainder of the model
being generated by the application of C4 molecular symmetry. The
docked model indicates that the tetrad is formed through an
overhanging PDZ domain recruiting further Kir2.1NC4:PSD-95 complex.
The clustered Kir2.1NC4 domains are brought into close physical contact
and the pore (C4) axis of each individual Kir2.1NC4 domain is inclined to
the tetrad 4-fold rotation axis by an angle of 10.7°.4. Discussion
4.1. Validity of the structural models
The protein expression constructs used in these experiments are
both derived frommuridae, this was a consequence of the availability
of cDNA. The high resolution domain structures used in the
interpretation of the data here are also from a mixture of rat and
mouse: the cross species amino acid identity of the Kir2.1 and PSD-95
proteins is 99.3% and 99.5% therefore the behavior and structure of the
proteins will be equivalent despite their mixed sources. The Kir2.1NC
construct omits the trans-membrane domain. This protein does form
a homotetrameric (Kir2.1NC4) domain and therefore is representative
of the cytoplasmic channel domain in vivo [26,27,45,67]. Of the
speciﬁc proteins studied here PSD-95 is most strongly associated with
the synaptic membrane and Kir2.1 is expressed widely in various
tissues. MAGUK proteins and Kir channels are found in numeroustissues and so general conclusions relevant to the interactions of Kir
ion channels and scaffold proteins may be drawn from this study.
Both Kir2.1NC and PSD-95 proteins have been heterologously
expressed in E. coli and therefore post-translational modiﬁcations
such as palmitoylation and phosphorylation are not present. The
binding of Kir2.3 channels to PSD-95 is known to be inﬂuenced by
protein kinase A phosphorylation [20]. As the eSeI and PtsP motifs of
Kir2.1 and PSD-95 respectively are predicted phosphorylation targets
[68], the expression of the unmodiﬁed proteins in E. colimay have been
critical in observing these clustering phenomena. The use of the largest
representative constructs, which could be studied in the solution phase
(without the inclusion of detergent) has allowed the elucidation of
models for the clustering of these domains. The use of speciﬁc cleavable
tagging systems for PSD-95 (glutathione-S-transferase tag) and
Kir2.1NC (hexa-histidine tag) was important in isolating the individual
proteins and in the observation of large complexes via the co-
puriﬁcation method employed. However it should be noted that
under the solution conditions applied the majority of the proteins
formed Kir2.1NC4:PSD-95 complexes. The formation of the (Kir2.1NC4:
PSD-95)4 complex and extended aggregates required that the binding
partners were introduced at an earlier stage of the PSD-95 preparation
where the PSD-95 protein is more abundant and that saturating
quantities of pure Kir2.1NC4 are applied to the GST-tagged PSD-95
protein when bound to the afﬁnity column. Nevertheless as ion channel
and scaffold proteins are effectively concentrated by membrane co-
localization in vivo, and the Kir2.1 protein is likely to be trafﬁcked to the
plasmamembrane in a complex containingMAGUKproteins [43,69]we
maintain that the clusters seen here are highly relevant to ion channels
in the membrane.4.2. Precision of the structural models
The process of determining the SAXS models was undertaken
using a careful approach in order to avoid any bias in the restraints
deployed. The agreement of the PSD-95 BUNCH model with the
experimental SAXS data is inferior compared to that of the Kir2.1NC4
BUNCH model, Fig. 1(a,d). The ﬁt of the BUNCH structures within the
DAMMIN envelopes demonstrate this in real space, Fig. 1(b,e). This
largely reﬂects the different modes of disorder displayed by the two
molecules. BUNCH reﬁnements are based upon the adjustment of the
relative position and orientation of rigid body sub-domains. The SAXS
proﬁle is dominated by domain structure. The greater variation in
inter-domain structure in PSD-95 means that a single rigid body
domain (BUNCH) structure is less representative of the array of
structures in solution. The ab-initio DAMMIN dummy-atom model is
representative of the overall average structure in solution (the EOM
procedure also models this variation with an ensemble of domain
structures). The DAMMINmodel represents the data better but cannot
readily be decomposed into domains. Only in cases where there is
little disorder and no inter-domain variation would BUNCH and
DAMMIN models represent the data equally well. The CTF correction
of the nsTEM particle data sets was undertaken with reference to
scattering curves obtained by docking SAXS models into the nsTEM
envelopes. The use of scattering curves calculated from high-
resolution structural models to correct for the CTF in cryo-electron
microscopy has not proved useful; rather, measured scattering curves
are generally required. nsTEM is limited to a lower resolution range
(circa ∞—20 Å) over which the calculation of SAXS curves frommodel
data is robust — as demonstrated in Fig. 1. Therefore the use of
calculated scattering curves in the CTF correction of nsTEM particles is
justiﬁed. The use of both DAMMIN and BUNCH based models to
generate the CTF correction was explored and no difference was
encountered in the correction calculated. With the exception of PSD-
95 alone each nsTEM envelope was reﬁned from a reference free
starting envelope. Docking of SAXS models was done in an automated
Fig. 6. The ﬁnal nsTEM envelope of the (Kir2.1NC4:PSD-95)4 tetrad complex: (a–c) orthogonal views of the 25.8 Å resolution nsTEM envelope with the C4 symmetric model for
(Kir2.1NC4:PSD-95)4 ﬁtted, (e) the side view of the complex rotated by 45°. The outer contour encloses a volume corresponding to 872 kDa, the inner contour encloses
approximately that volume occupied by the ordered domains. Generated using CHIMERA. (d) A segment of a micrograph showing tetrad particles and a longer extended aggregate;
boxes are 307.2×307.2 Å2. (f) FSC and structure factor comparison: representation as for Fig. 3(e) comparing transformed DAMMIN models for the PSD-95:Kir2.1NC4 complex, C4
symmetry and with a Debye–Waller B-factor of 1451 applied.
2385S. Fomina et al. / Biochimica et Biophysica Acta 1808 (2011) 2374–2389
2386 S. Fomina et al. / Biochimica et Biophysica Acta 1808 (2011) 2374–2389fashion, as described in the Materials and methods section, therefore
minimizing the introduction of any interpretive bias.
The resolution of the initial nsTEM envelopes obtained were
determined by an FSC=1/2 criterion to be in the resolution range of
17–26 Å (Figs. A.2(d), A.3(d), A.4(e), A.5(f)); and the agreement of the
models with the SAXS curve is good to a resolution of approximately
15 Å (Fig. 1(a,d)) suggesting a similar resolution for the SAXSmodels. A
preferred orientationwas observed for all of the particles studied. In the
ﬁnal cycle of the independent (Kir2.1NC4:PSD-95)4 reﬁnement the
maximum and minimum number of particles assigned to individual
classeswere159 and23 respectively; and forKir2.1NC4 713/161, in both
cases views close to the directionof the 4-fold axisweremorenumerous
over side views. The particles contributing to the PSD-95 nsTEM
independent envelope also showed a biased orientation (103/18) with
end-on views in the minority, while for Kir2.1NC4:PSD-95 (792/156)
any preferred orientation was slightly less pronounced. Preferred
orientations are common for nsTEM on carbon grids. Representative
back projections and aligned class averages for each particle set are
shown in Figs. A.2–5. The minimum number of particles in each set is
sufﬁcient to give a robust class average for the angular sampling
intervals used. The subsequent multi-particle averaging procedure
produced a convergent reﬁnement and ensured the consistency of each
of the 4 envelopes determined. The resolutions of each of the envelopes
was found to be improved or equivalent to those from the independent
reﬁnement as judged by the FSC curve.
Each of the domains located in the SAXS model analysis is from a
high-resolution structural study (better than 2.5 Å for theX-raymodels).
Although isolated speciﬁc domains could not be assigned without
ambiguity, rigid bodymultidomain SAXSmodels for both Kir2.1NC4 and
PSD-95 can readily be ﬁtted within the nsTEM envelopes for Kir2.1NC4,
PSD-95 and Kir2.1NC4:PSD-95. In a similar way the model for the
Kir2.1NC4:PSD-95 complex as a whole can readily be positioned within
the (Kir2.1NC4:PSD-95)4 envelope (Fig. 6(a,b,c,e)). The stepwise model
ﬁttingprocedureusedhere lends increased robustness to this procedure:
the (Kir2.1NC4:PSD-95)4 envelope was ﬁtted with 4 copies of the
unmodiﬁed Kir2.1NC4:PSD-95 model. The Kir2.1NC4:PSD-95, Kir2.1NC4
and PSD-95 envelopes each having been ﬁtted with the unmodiﬁed
Kir2.1NC4 and PSD-95 SAXS models: thus all four nsTEM envelopes
reported in this study are ﬁtted with a combination of twomultidomain
SAXS models. The resolution of the docked models is challenging to
describe with a single number as each comprises high-resolution
structures, SAXS reﬁnement and docking, and require a Debye–Waller
B-factor to account for the affects of negative stain. The agreement of the
docked models with the nsTEM envelope is summarized via the
graphical data shown in Figs. 3(e), 4(e), 5(e) and 6(f). In each graph
the agreement of the natural logarithm of the structure factor (Ln(I))
derived from the nsTEM envelope (blue) and Ln(I) derived from the
docked structure (green) are compared versus resolution. In each case
the resolution at which these lines diverge correlates with the tailing off
of the FSC curve (red), indicating that in each case that the dockedmodel
is an appropriate representation of the nsTEM envelope.
4.3. Implications of the models determined
The resultant (Kir2.1NC4:PSD-95)4 tetrad model, Kir2.1NC4:PSD-95
model, along with the SAXS models for PSD-95 and Kir2.1NC4 form a
consistent set. A hypothesis arising from these models is that the C-
terminal−eSeI motif of Kir2.1NC4 may bind simultaneously to each of
the PDZ domains in PSD-95. Solution binding and NMR studies using
single and multiple PDZ domain constructs have shown that sequences
corresponding to the C-termini of Kir2.1NC4 bind to PSD-95 PDZ1 and
PDZ2 [41] and to PDZ1,2 and 3 of the related protein SAP97 [64] with
varying afﬁnity. As the PSD-95 PDZ domains are connected by ﬂexible
linkers it seems unlikely that the PDZ domains act cooperatively in
binding. However the independent interaction ofmultiple PDZ domains
with a single channel tetramerwill be enhanced by avidity resulting in amuch stronger interaction than that afforded by an interaction with a
single PDZ domain.
The Kir2.1NC4:PSD-95 model indicates that PDZ1, PDZ2 are close
to the folded C-terminal domains of Kir2.1NC4 (corresponding to
residues 190–365 of the Kir2.1 sequence) and that and the GK domain
is in close contact with these domains: in all cases a “turret helix”
(residues 357–365 of the sequence) is close to each respective
domain. In contrast PDZ3 appears to be held further away from these
folded channel domains, although within interaction distance of the
ﬂexible C-terminus of a Kir2.1NC monomer (corresponding to
residues 366–428 of the channel sequence). Fig. A.6 includes a
schematic representation of the 1:1 complex illustrating the relative
positions of these domains. Fig. A.7 highlights the position of the
turret helix and illustrates the range of structural variations of the
ﬂexible C-terminal regions that are consistent with the SAXS data. The
binding of all four termini may have implications for the assembly and
trafﬁcking of the Kir2.1 channel. An association of the four C-termini
of Kir2.1 with PSD-95 is likely to screen an RRmotif on the C-terminus
of the channel domain. Similar motifs have been implicated as an
endoplasmic reticulum retention signal for NMDA receptors [70].
The formation of extended clusters apparently proceeds ﬁrstly
through the association of 1:1 Kir2.1NC4:PSD-95 complexes which
then further interact. This is illustrated schematically in Fig. A.6;
overhanging PDZ1/2 domains in the 1:1 complex can make exchange
interactions between complexes, and the form of the 1:1 complex is
preserved in the tetrad. The (Kir2.1NC4:PSD-95)4 model indicates that
the Kir2.1NC4 tetramers are brought into physical contact within the
tetrad. Furthermore this interaction appears to be under some strain
as demonstrated by the 10.7° inclination of the individual Kir2.1NC4
pore axis to the tetrad C4 axis.
Kir2.2 and Kir2.1 channels are homologues and the Kir2.1NC
(cytoplasmic domain) crystal structure was used in the structure
solution of Kir2.2 bymolecular replacement [36]. Amodel for clustering
of full-length Kir2.x channels can be made using the Kir2.2 structure
(PDB ID: 3JYC) (Fig. 7(a)): Kir2.24 was positioned in the equivalent site
in the (Kir2.1NC4:PSD-95)4 tetrad model using a least-squares align-
ment (Cα coordinates of residues 190–366 of each the Kir2.24 domains
were superimposed). The inclination of the Kir2.24 model to the tetrad
C4 axiswas then set to 0° by a simple rotation of 10.7°. The (Kir2.24:PSD-
95)4 tetrad was then generated by the application of 4-fold rotational
symmetry. In order to reduce stereochemical clashes (leaving one
Kir2.24 inter-molecular domain Cα–Cα distance b3.0 Å) the (Kir2.24:
PSD-95)4 tetrad radius was increased by 8.8 Å.
The PDZ domains within PSD-95 bind promiscuously and PSD-95
is also known to bind and cluster shaker type Kv channels [5] and to
stabilize the channels in the membrane [71]. Kv channels are also
tetrameric and a subset has PDZ target sequences at their C-termini.
However Kv channels possess a radically different overall form when
comparedwith Kir channels [72] and also associate with Kvβ proteins.
The clustering of Kv1.2 by PSD-95 has been observed to be inﬂuenced by
co-expression of Kvβ proteins [6]: Kvβ proteins are not predicted to be
interaction partners of PSD-95. It is notable that the structures of Kv1.24:
Kvβ4 [72,73] (PDB IDs: 2A79, 3LNM) could be accommodated within
the (Kir2.14:PSD-95)4 tetrad model developed here (Fig. 7(d)) with
little overlap. Starting from the complete Kv1.24:Kvβ4 crystal structure
Kvβ4 requires a relative rotation of about the pore axis of Kv1.24 by
approximately 45° to ﬁt into the center of the (Kir2.14:PSD-95)4 Fig. 7
(d). Andersen's syndrome mutations (shown in yellow in Figure A.7)
occur to residues away from the central pore in the Kir2.1 channel and a
numberof thesemutations could directly affect interactionsbetweenKv
and Kir channels in the arrangement hypothesized in Fig. 7.
5. Conclusions
PSD-95 forms a loose preferred structure which is preserved on
interaction with Kir2.14 channels. The domain models of PSD-95 are
Fig. 7. Full-length tetrad models (Kir2.x4:PSD-95)4 and docking of the Kv1.24:Kβ4 structure: column (a) views of themodel for the full-length (Kir2.x4:PSD-95)4 complex, Kir2.24 are
shown as blue/cyan cartoons, PSD-95 in pink/magenta. Column (b) equivalent views of the (Kir2.x4:PSD-95)4 including a representation of the volume in the center of the complex
(gray surface). (c) The excluded volume alone (gray surface). (d) Docking of the crystal structure of Kv1.24:Kβ4 into the central volume: The Kir1.24 paddle chimera/Kvβ4 complex is
shown (yellow/green cartoon) docked. Generated using CHIMERA.
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close association of PDZ1 and PDZ2 with a greater degree of freedom
of motion between these two elements. This implies a level of
disorder in the relative positions of the PSD-95 domains, in contrast to
Kir2.1NC4 where the structure is portioned into ordered core
domains, and ﬂexible termini. A 1:1 interaction of PSD-95 with the
Kir2.14 channel occurs, this is likely to proceed through the
interaction of all three PDZ domains plus the SH3GK domain within
PSD-95 with the four C-termini of a single channel tetramer. In the
low resolution structures determined here the interactions of the
channel C-termini with PSD-95 are not resolved. A number of other
studies have clearly shown that the presence of a PDZ binding motif is
necessary for Kir:PSD-95 association, notably that Kir2.3:PSD-95
binding is disrupted by phosphorylation of the Ser residue in the
−eSaI motif [20] and that the last 3 residues of the −eSeI motif in
Kir2.2 are required to pull down PSD-95 from brain extract [43].While
we cannot say that C-terminal motifs are the sole determinants of the
structures observed here, the aforementioned results do indicate that
C-terminal motifs are likely to play a signiﬁcant role in complex
formation.
The model ﬁtted to the larger tetrad envelope is consistent with
PDZ1/2 of the Kir2.14:PSD-95 complex recruiting further complexes
via exchanging an interaction with the C-terminus of a second Kir2.1
channel. This arrangement allows the formation of a self-enclosedtetrameric cluster. The longer chain-linked particles observed could
result from a different mode or stoichiometry of interaction of
Kir2.1NC4 and PSD-95.
Kir2.14 channels form ordered tetrameric clusters under the direction
of PSD-95 and it is likely that other MAGUKs will induce similar
structures in combination with Kir channels. Within these clusters
the cytoplasmic domains of the channels are in very close physical
contact. A compelling argument for their validity in vivo is that
voltage gated Kv/Kvβ channel assemblies could be accommodated
within these complexes albeit with structural adjustment. Kir
channels are passive conductors of K+ ions, therefore in order to
selectively conduct K+ ions into the cell in vivo Kir channels must be
blocked or closed until the membrane potential overcomes the K+
diffusion gradient. This indirect mechanism of voltage sensing in Kir
channels is thought to take place through small intracellular co-
factors (polyamines and Mg2+ ions) blocking the channel pore
[74,75]. Polyamines have binding sites in the cytoplasmic domains of
Kir2.1 channels [26,76] (shown in green in Fig. A.7) and the conforma-
tionallydependent releaseof polyamines fromthesehasbeenproposedas
a mechanism of gating [27]. The co-clustering of Kv and Kir channels
proposed here could therefore give a more direct mechanism for voltage
sensing by Kir channels as voltage induced changes of conformation in Kv
could induce conformational changes in Kir through the close physical
contact of the Kv and Kir channel domains.
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